Large intronic expansions of the triplet-repeat sequence (GAA.TTC) cause transcriptional repression of the Frataxin gene (FXN) leading to Friedreich's ataxia (FRDA). We previously found that GAA-triplet expansions stimulate heterochromatinization in vivo in transgenic mice. We report here using chromosome conformation capture (3C) coupled with high-throughput sequencing that the GAA-repeat expansion in FRDA cells stimulates a higher-order structure as a fragment containing the GAA-repeat expansion showed an increased interaction frequency with genomic regions along the FXN locus. This is consistent with a more compacted chromatin and coincided with an increase in both constitutive H3K9me3 and facultative H3K27me3 heterochromatic marks in FRDA. Consistent with this, DNase I accessibility in regions flanking the GAA repeats in patients was decreased compared with healthy controls. Strikingly, this effect could be antagonized with the class III histone deactylase (HDAC) inhibitor vitamin B3 (nicotinamide) which activated the silenced FXN gene in several FRDA models. Examination of the FXN locus revealed a reduction of H3K9me3 and H3K27me3, an increased accessibility to DNase I and an induction of euchromatic H3 and H4 histone acetylations upon nicotinamide treatment. In addition, transcriptomic analysis of nicotinamide treated and untreated FRDA primary lymphocytes revealed that the expression of 67% of genes known to be dysregulated in FRDA was ameliorated by the treatment. These findings show that nictotinamide can up-regulate the FXN gene and reveal a potential mechanism of action for nicotinamide in reactivating the epigenetically silenced FXN gene and therefore support the further assessment of HDAC inhibitors (HDACi's) in FRDA and diseases caused by a similar mechanism.
INTRODUCTION
Friedreich's ataxia (FRDA), an autosomal recessive neurodegenerative disease, is the commonest form of hereditary ataxia. It is caused by abnormal expansion of a DNA triplet-repeat (GAA) sequence located within intron 1 of the FXN gene. FRDA patients carrying GAA.TTC repeats, with expansions ranging from 66 to 1700 or even more, have reduced levels of Frataxin mRNA and protein (1) . Frataxin is a conserved mitochondrial protein which has multiple functions including chaperoning iron during iron -sulfur cluster † These authors contributed equally to this work. * To whom correspondence should be addressed. Tel: +44 2083838310; Fax: +44 2083838306; Email: r.festenstein@imperial.ac.uk # The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com biogenesis, control of iron-mediated oxidative tissue damage and heme biosynthesis (2) . Reduced levels of Frataxin results in mitochondrial dysfunction and pathology, affecting mainly the dorsal root ganglia, sensory nerves, corticospinal tracts and dentate nuclei (3) . The size of the GAA-repeat expansion in FRDA correlates with disease severity and inversely with the age of onset (4) . Patients with an onset in childhood usually have longer GAA expansions and the characteristic symptoms consist of dis-coordination, slurred speech, peripheral neuropathy and cardiomyopathy (5, 6) . At present no effective treatment is available for FRDA, severe disability generally occurs by early adulthood and severely affected individuals can die from cardiomyopathy.
A number of molecular models have been proposed to explain the transcriptional silencing of FXN triggered by the intronic GAA expansion. Bidichandani et al. had first suggested that GAA repeats form an unusual DNA -RNA hybrid structure, which impedes the progress of RNA polymerase II, resulting in silencing of the gene (7 -9) . More recently, we established that GAA repeats can induce heterochromatin-mediated gene silencing in a transgenic mouse model (10) . These in vivo data showed that triplet-repeat sequences could induce the formation and/or maintenance of heterochromatinization; thus, inhibition of access of transcription factors to the gene could be one of the mechanisms underlying FXN gene silencing (11) . Furthermore, modifications associated with a high-order chromatin structure, i.e. hypoacetylation of histones H3 and H4 and hypermethylation of lysine 9 in histone H3 (H3K9me2 and H3K9me3) have been found in the immediate vicinity of the GAA-repeat expansion in both the FRDA lymphoblastoid cell line and primary lymphocyte models, and also in FRDA human and transgenic mouse tissues (4,12 -14) . All these data support the notion that this repeat sequence can induce heterochromatinization spreading into the regions flanking the GAA repeat in FRDA-affected individuals (4, 11) .
The decision to activate or silence a gene depends on the balance between positively acting factors generally contributed by acetylation marks on the core histones, and negative factors such as K9 and K27 trimethylation of histone H3, which promote the formation of a condensed higher -order chromatin structure (15) . This regular higher-order structure is thought to reduce the accessibility of the transcriptional machinery, resulting in transcriptional silencing of the affected gene. On the basis of this theory, in vivo and in vitro FRDA models have been treated with histone deactylase inhibitors (HDACi's) by different research groups and the silenced FXN gene was reactivated to various levels (12, (16) (17) (18) (19) . In recent years, HDAC inhibition has been found to be potentially valuable in cancer treatment as it has been shown to induce selective apoptosis in tumor cells, and some HDACi's have progressed to clinical trials (20, 21) . Previous studies using FRDA patient cell lines and transgenic mouse models suggested that several common and highly active HDACi's targeting Class I & II HDACs, such as sodium valproate (22) , trichostatin A (12), suberoylanilide hydroxamic acid (12) and suberoyl bishydroxamic acid (17) , had no significant effect on FXN gene expression. A commercially available Class I HDACi (BML-210) was first found to up-regulate FXN mRNA expression in 2006 (12) . Subsequent synthesis of derivatives of this benzamide identified a series of pimelic o-aminobenzamide compounds, all of which preferentially inhibit Class I HDACs, have been shown to reverse silencing of FXN in various FRDA models to differing extent (17) (18) (19) . Although these compounds can restore FXN expression, none of them have been licensed for use in humans. We therefore focused our efforts on a readyto-use HDACi, nicotinamide, and investigated whether it could be used to reverse the silencing of the FXN gene in FRDA.
Nicotinamide is a precursor of nicotinic acid and a form of vitamin B which was shown to be potentially useful for treating mitochondrial encephalopathies and neurodegenerative diseases (23) . Biochemically, nicotinamide acts as a noncompetitive end product inhibitor of the NAD + -dependent histone deacetylase Sir2 family (24) . In humans, among the seven identified Sir2 homologs (SIRT1-7), only SIRT1 is predominantly localized to the nucleus. In both in vitro and mammalian cell models, nicotinamide has been found to effectively inhibit the enzymatic activity of SIRT1 which plays a critical role in the formation of repressive heterochromatin by different mechanisms including deacetylation of histone tails (25) , recruitment of deacetylated histone H1 (26) and regulation of histone methyltransferase (SUV39-H1) activity (27) .
Previous epigenetic studies have provided evidence of the GAA expansion-induced transcriptional inhibition in FRDA, and linked this to changes in histone modifications (4, (12) (13) (14) . However, no studies have focused directly on elucidating the higher-order chromatin structure. Therefore, we first set out to investigate the heterochromatic structure of the FXN gene locus by using the chromosome conformation capture technique coupled with high-throughput sequencing (3C-seq) (28, 29) , DNase I accessibility assays (30) as well as chromatin immunoprecipitation (ChIP) (31) . Our data suggest that a high order of chromatin organization at exon 1 of the FXN locus might be responsible for the transcriptional silencing seen in FRDA. We then went on to show that nicotinamide can increase FXN mRNA expression in several FRDA models, i.e. Epstein barr virus (EBV)-transformed cell lines, human primary cultured lymphocytes and transgenic mice. Furthermore, epigenetic changes caused by nicotinamide treatment, including the reduction of heterochromatic H3K9me3 and H3K27me3 together with the induction of euchromatic H3 and H4 histone acetylation, strongly suggest that it can reactivate FXN transcription by reversing the condensed chromatin structure induced by GAA-repeat expansion. Interestingly, alongside the increased FXN expression with nicotinamide treatment, expression of a subset of genes known to be dysregulated in FRDA was corrected (32) . From a therapeutic point of view, nicotinamide is a potential candidate drug for FRDA treatment as it has been used in various therapeutic applications over the past 40 years and has a good safety profile (33) . Our data provide valuable information to promote the development of a potential radical therapy for FRDA which has no effective cure at present. However, it should be stressed that further assessment of the safety and tolerability of nicotinamide need to be done before it can be given to patients with FRDA.
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RESULTS
A higher-order heterochromatic structure is formed at the FXN gene locus in FRDA
In recent years, accumulating data from different groups have demonstrated that alteration of post-translational histone modifications is an important underlying mechanism for FXN silencing in FRDA (4, 10, (12) (13) (14) 18, 34) . The relationship between the chromatin architecture and histone modification marks in the FXN gene locus is likely to be important for understanding the silencing mechanism. We therefore investigated the spatial organization of the FXN gene locus using the 3C-sequencing method (28) . EBV-transformed human lymphoblastoid cell lines derived from healthy or FRDA-affected individuals as denoted in Figure 1 were studied (Fig. 1A) . The FRDA cell lines with large GAA-repeat expansions (e.g. .580 copies) showed strong FXN repression: mRNA expression in FRDA cell lines was ,25% of the expression in the healthy controls (Fig. 1B) . We then investigated whether this transcriptional repression alters the chromosome landscape of the FXN locus. Using an EcoRI restriction fragment containing exon 1 and the GAA region as ′ downstream represented by a positive value), i.e. fragment 28 located about 39 kb upstream and fragment +8 located about 45 kb downstream of FXN exon 1, respectively. Relatively stronger interactions were observed from patient-derived cells (GM16798, GM15850 and GM16234) when compared with healthy control (GM14664 and GM15851). The average interaction frequencies were 1.5-fold higher in FRDA than healthy cell lines ( * P , 0.05, Wilcoxon-matched pairs test).
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Human Molecular Genetics, 2013, Vol. 22, No. 13 the 'anchor' fragment (with fixed primers for generating the sequencing library), we detected interactions of this anchor with sites across the FXN genomic region ranging from 239 kb to +45 kb (relative to ATG of FXN exon 1) as denoted by an EcoRI restriction fragment 28 to +8 in Figure 1C . In general, the levels of relative cross-linking frequency were higher in FRDA cell lines as indicated by the higher peaks obtained compared with the healthy control (Fig. 1C) . The mean values of interaction frequency were 1.5-fold higher in FRDA than healthy cell lines (Fig. 1C , * P , 0.05, Wilcoxon-matched pairs test). This raises the possibility that a topological effect at the genomic level might be triggered by GAA-repeat expansion resulting in the stimulation of a more compact structure.
Heterochromatic marks at the histone H3 tail are associated with a 'closed' chromatin structure of the FXN locus in FRDA Published data from our group have shown that GAA trinucleotide repeats can induce spreading of heterochromatin into proximal regions, and hence confer variegation of gene expression of a linked transgene in vivo (10) . In line with our finding, trimethylation of lysine 9 in histone H3 (H3K9me3), a hallmark of heterochromatin, together with hypoacetylation of histones H3 and H4, has been found at the expanded GAA-repeat region and its immediate flanking regions in FRDA (4, (12) (13) (14) 18, 35) . To investigate whether the spreading of H3K9me3 along the FXN gene is correlated with gene silencing and a closed chromatin formation, we performed ChIPs with antibodies against H3K9me3 or H3K27me3 followed by a qPCR of the regions spanning from 25 kb to +7 kb of FXN exon 1 ( Fig. 2A ) in our cell line models. A statistically significant increase in H3K9me3 (ranging from 4.1-to 8.6-fold increase in patients compared with control) and H3K27me3 (ranging from 8.8-to 42.1-fold increase in patients compared with control) signals was observed in the regions flanking the GAA repeats in FRDA cells, suggesting that the heterochromatic structure is enriched in patient-derived cells when compared with healthy ( Fig. 2B : IntP2-5; * P , 0.05, Student's t-test). This result is in agreement with higher H3K9 and H3K27 trimethylation found at the FXN locus in FRDA-derived fibroblast cell lines (36) . As these modifications are both well-known gene repression marks (37), our results support the hypothesis that GAA-induced heterochromatinization occurs in FRDA, thereby repressing the gene. Interestingly, we found that the levels of the heterochromatic marks decreased gradually with the distance from the GAA repeats towards exon 1 (denoted as IntP3 to U1 in Fig. 2B ) in the FRDA cell lines. This result is consistent with the notion that GAA-repeat expansion can induce heterochromatin spreading towards the proximal regions (10) . To directly address whether the heterochromatic structure we found in FRDA (Fig. 2B) can prohibit access to the FXN locus, we employed DNase I accessibility studies (30) . No significant difference between FRDA cell lines and the healthy control could be observed at a region 8 kb upstream of FXN exon 1 ( Fig. 2C: UpsP3) . However, the fold increase of percentage of copies remaining in FRDA versus healthy control, following a 10 min incubation with DNase I, became obvious closer to the GAA repeats ( Fig. 2C : UpsP2 to IntP1) and reached a maximum in exon 1 which is a region with DNase I hypersensitivity (HS) ( Fig. 2C and D: Ex1 GM15850 ¼ 1.31-fold and GM16234 ¼ 1.48-fold increase in copies remaining compared with healthy control; * P , 0.05, Student's t-test). HS sites reflect regions which are highly accessible in the nucleus. The presence of such an HS site agrees with DNase I HS mapping done as part of ENCODE on various cell models including EBV-transformed lymphoblastoid cells (38) . Figure 2D shows the data obtained from Ex1 and reveals the increase in DNA copies remaining in FRDA compared with healthy cells after DNase I treatment ( * P , 0.05, Student's t-test). A similar DNase I accessibility pattern was also obtained after 20 min exposure to DNase I (Supplementary Material, Fig. S1 ). These results show directly that GAA-repeat-induced heterochromatin appears to prohibit access to the FXN locus in FRDA. It follows that antagonizing heterochromatin formation might lead to increased accessibility and derepression of the FXN gene.
Nicotinamide, an HDAC class III inhibitor, upregulates FXN gene expression
Several therapeutic strategies involving iron chelators and antioxidants have been developed for FRDA, but unfortunately they have had only limited effect in alleviating the neurological consequences or the cardiomyopathy, which is a major cause of death in FRDA patients (5) . Recently, various types of HDACi's have been shown to relieve repression of the FXN gene in different FRDA models (12, (16) (17) (18) (19) . In this report, we investigated whether the readily available HDACi nicotinamide could restore FXN mRNA expression in FRDA. We first tested the effect of nicotinamide on the EBV-transformed lymphoblastoid cell lines. Fig. S1 ). The amount of template DNA was normalized to a DNase I insensitive region within the NfM and the data were expressed relative to the signals from the healthy control. The DNase I sensitivity assay was performed on three independent nuclei preparations. The data are presented as mean + SEM.
* P , 0.05 (Student's t-test) comparing the same region as indicated (by asterisk) between FRDA and healthy control. (D) The percentage copies remaining are higher in patients when compared with healthy indicating reduced accessibility. DNase I sensitivity results at Ex1 are presented as percentage of copies remaining after 10 min digestion from each cell line compared with its undigested control. The assay was performed on three independent nuclei preparations and data are presented as mean + SEM.
* P , 0.05 (Student's t-test). 
-test).
Since FRDA mainly affects the nervous systems and heart and these tissues are difficult to obtain from patients, we treated human FRDA transgenic mice (39) with nicotinamide for 6 days. Clinically relevant tissues including those from the heart, spinal cord and cerebellum were collected in order to measure FXN mRNA expression levels. Obvious increases of FXN mRNA expression were found in all FRDA-relevant tissues and the most substantial increases, in terms of fold up-regulation, were observed in spinal cord and cerebellum with 1.8-fold up-regulation of FXN after nicotinamide treatment ( Fig. 3B; * P , 0.05, Student's t-test). Taken together, these results strongly suggest that nicotinamide can reactivate the silenced FXN gene in both human FRDA cells and in vivo transgenic FRDA models. Thus, nicotinamide acts preferentially on FRDA-affected subjects consistent with a possible de-condensation of the more heterochromatic structure induced by the GAA-repeat expansion in FRDA compared with the healthy control. Nicotinamide increases histone acetylation at the FXN gene in FRDA Because the chromatin landscape is influenced by the interplay between methylation and acetylation of histone molecules, histone acetylation marks were also determined. We performed ChIP with antibodies specific for acetylated histones H3 and H4, respectively. As primary cultured lymphocytes from FRDA patients showed the highest sensitivity to nicotinamide treatment, we focused on determining the possible changes of the histone acetylation profile in patients. Overall histone H3 and H4 acetylations were shown to be up-regulated (H3ac .1.99-fold and H4ac .1.81-fold increase) along the investigated regions after a 3-day treatment with nicotinamide ( Fig. 4C; # P , 0.05, Wilcoxon matched pairs test). These results suggested that nicotinamide could decondense the 'closed' chromatin structure induced by the GAA-repeat expansion in FRDA and thereby, at least partly, reactivate the silenced FXN gene. (Fig. 4D) . It is worth noting that the increase in DNase I accessibility was much greater in patients compared with control: at Ex1 it was .3.5-fold and at IntP1 .2.1-fold ( * P , 0.05 in both cases, Student's t-test). In contrast, the control upstream UpsP2 region showed no significant difference between FRDA and healthy cells (Fig. 4D : UpsP2) after nicotinamide treatment. This result provides direct evidence that nicotinamide acts selectively in FRDA to increase accessibility in regions adjacent to the expanded GAA-repeat sequence.
Nicotinamide increases
Nicotinamide decreases interaction frequency at the FXN gene in FRDA As increased association of genomic elements at the FXN gene locus was detected by our 3C-sequencing experiment in FRDA (Fig. 1) , it was of interest to determine whether nicotinamide could decrease the interaction frequency as this would suggest decompaction. Fragment number 2 from the 3C-seq was employed for studying the effect of nicotinamide treatment as it showed the biggest difference in interaction frequency between FRDA and healthy cells (Fig. 1C) . Primary lymphocytes from patients were isolated and treated with nicotinamide in the same way as for the ChIP experiment. The cells were then harvested and processed according to the 3C protocol (see Materials and Methods). A 3-fold reduction in the relative cross-linking frequencies was observed in nicotinamide treated cells when compared with the untreated control (Fig. 4E, * P , 0.05, Student's t-test). Taken together with the up-regulatory effect of nicotinamide on the FXN gene (Fig. 3) , the reductions in heterochromatic marks and the local genomic interaction frequency suggest that nicotinamide helps to 'disperse' the heterochromatic structure in fresh lymphocytes derived from FRDA patients.
Nicotinamide treatment can normalize the biomarkers associated with FRDA in primary cells
To investigate the efficacy of nicotinamide treatment using our ex-vivo primary cell model, we performed high-throughput RNA sequencing on libraries generated from untreated and nicotinamide-treated samples. Significantly differentially expressed (DE) genes were identified by DEseq analysis and only a small proportion of genes, 4.3% of all the genes identified in the analysis, were significantly changed (FDR , 0.05) after nicotinamide treatment. Reactome pathway analysis using the GOseq package was employed to identify the biological pathways affected by the DE genes upon nicotinamide treatment (40) . Importantly, from the toxicity point of view, there was a lack of changes related to apoptotic and tumorigenesis pathways, suggesting that nicotinamide-induced apoptosis and adverse oncogenic effects are very unlikely. From the Gene Ontology (GO) analysis, a number of GO terms were related to the immune system (e.g. immune response, innate immune response and regulation of the immune system process) which is consistent with the Reactome pathway analysis. This was not surprising as nicotinamide has been shown to play a role in MHC expression in mammalian systems (41) and previous studies in mice and humans have been done where large doses of nicotinamide were given long term in an attempt to prevent autoimmune diabetes in at-risk individuals (33, (42) (43) (44) . Full lists of the Reactome pathway analysis are shown in Supplementary Material, Table S2 .
Chronic deficiency of frataxin protein in FRDA patients triggers alterations in gene expression. Previously, a set of biomarkers (P77) associated with frataxin deficiency in FRDA have been shown to be sensitive to the treatment with a pimelic o-aminobenzamide compound (32). We employed this P77 set of biomarkers as a proxy to reflect a potential correction of these dysregulated genes upon nicotinamide treatment (32). This was done by comparing the fold change in gene expression obtained in primary lymphocytes before and after nicotinamide treatment with the difference between the asymptomatic carrier and FRDA patients previously described (32) (Supplementary Material, Fig. S3 ). A total of 70 genes out of 77 from the biomarker list were found to be sensitive to the treatment and 67% of the biomarkers were normalized by nicotinamide treatment towards healthy levels as highlighted in gray color in Supplementary Material, Figure S3 . Notably, 53 and 40% of the FRDA-related biomarkers are corrected by greater than 50% when compared with asymptomatic carriers and healthy controls, respectively (Fig. 5B , dark red colored bars). These results raise the possibility that nicotinamide treatment might be able to ameliorate gene expression abnormalities related to FXN deficiency in FRDA.
DISCUSSION
It has been clearly demonstrated with chromatin immunoprecipitation approaches that repressive heterochromatin is formed in the flanking regions of the GAA-repeat expansion in FRDA (4, (12) (13) (14) . We report here the results from 3C-seq and DNase I accessibility assays that higher-order chromatin organization is found together with heterochromatic histone marks in FRDA. Recent studies using 3C-based techniques have mainly focused on transcriptional activation rather than heterochromatin-mediated silencing (45) . Interestingly, here, we found that the cross-linking frequency along the FXN gene locus is higher in FRDA-derived cells compared with the healthy control, suggesting that GAA-associated heterochromatinization correlates with an overall increase in
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Human Molecular Genetics, 2013, Vol. 22, No. 13 interactions within the vicinity of the FXN locus. It is tempting to speculate that the GAA-triplet repeats in the anchor fragment nucleate heterochromatin formation bringing the neighburing nucleosomes closer to each other (11) , thereby promoting interaction between distal DNA elements (Fig. 6 ). Such dense nucleosomal packaging is a feature of heterochromatin (46, 47) and thought to be stimulated by H3K9me3-modified nucleosomes being linked by HP1 dimers (48, 49) and is, therefore, implicated in the formation of a higher-order heterochromatic structure (50) . Thus, the increase of this interaction frequency triggered by GAA-repeat expansion could simply be the consequence of the formation of a heterochromatic structure in FRDA.
To determine whether the GAA-repeat-induced heterochromatin is refractory to the transcriptional machinery, we employed a modified DNase I accessibility assay to further investigate the chromatin landscape in the anchor region. Our data demonstrated that DNase I accessibility is decreased in FRDA versus the healthy control (Fig. 2C, Ex1 and IntP1), indicating that condensed heterochromatin, presumably contributed by H3K9 and K27 trimethylations, can prohibit access of DNase I to the FXN locus.
Taken together, our results suggest a mechanism, whereby heterochromatin both compartmentalizes the affected locus and prohibits access to it. Such effects are likely to be crucial for setting up a silent locus and dependent on many factors, including the formation of triplex-DNA and DNA -RNA hybrid structures (7, 9) , hindrance to the transcription factor (e.g. CTCF) binding at the FXN promoter (36) , and DNA hypermethylation in the region 5 ′ upstream of the repeat (13, 14) .
Previous studies using HDACi to treat FRDA models (12,16 -19) provided data which support the hypothesis that an HDACi could shift the equilibrium of the chromatin status towards a transcriptionally active FXN locus (11) . In the present study, we used nicotinamide, because it is an off-the-shelf medication that has been used at high dosage for a variety of therapeutic applications over the past 40 years (33). Our results show that nicotinamide can up-regulate FXN expression in different FRDA models comprising EBV lymphoblastoid cell lines, ex-vivo human primary cultured lymphocytes and a transgenic mouse model of FRDA. The greatest up-regulation was seen in ex-vivo primary cells which provide a more physiologically relevant model than EBV lymphoblastoid cell lines. Importantly, the FXN gene was more sensitive to up-regulation by nicotinamide in FRDA cells than in healthy cells. This difference is likely to be due to the increased GAA-repeat length in FRDA leading to pathological heterochromatinization which can be antagonized by HDAC inhibition. By treating human FRDA transgenic mice with nicotinamide, we found that treatment for 6 days was effective in clinically relevant tissues (heart, spinal cord and cerebellum) in vivo. In conclusion, our results show that nicotinamide preferentially acts on FRDA alleles to increase FXN expression to the level of asymptomatic heterozygotes ( 40% of normal levels) raising the possibility that it might be of benefit in preventing disease progression in affected tissues (51) . However, the dose of nicotinamide used in the present study on our cell models was much higher than the recommended daily dose of this vitamin ( 16 mg per day) in human. One must be cautious about the use of nicotinamide as more work needs to be done before it should be considered a potential therapy for FRDA.
Our in vitro and in vivo data obtained by ChIP with H3K9me3 and H3K27me3 antibodies (Fig. 4 ) demonstrated that treatment with nicotinamide antagonizes heterochromatinization as shown by significant reduction of the histone trimethylations occupancy at the FXN locus. To the best of our knowledge, this is the first demonstration that the accumulation of H3K9me3 coincides with H3K27me3 induced by GAA expansion in FRDA ex-vivo and in vivo models and is consistent with the data previously obtained from lymphoblastoid cell lines (Fig. 2B) . We also showed that treating several different FRDA models with nicotinamide can effectively reduce the heterochromatinization induced by hyperexpanded GAA repeats and that this results in FXN mRNA up-regulation. Our results suggest that both H3K9 and K27 trimethylations are important for FXN silencing in FRDA. However, this result seems to differ from a previous report, claiming that H3K9 methylation is dispensable for FXN silencing (4). This discrepancy may be due to the fact that, in their report, inhibition of G9a (a histone H3K9 methytransferase) with BIX-01294 would only reduce the levels of H3K9me2/me3, potentially leaving other heterochromatic marks unchanged. The 'closed' chromatin landscape which is occupied by other histone modifications, for example H3K27me3 (shown here), might therefore remain to repress the FXN gene upon BIX-01294 treatment. Notably, the authors point out in their paper that BIX-01294 treatment actually increased FXN mRNA levels in an FRDA cell line performed in the same manner as in the previous section (Fig. 2) . Combined H3K9me3 and H3K27me3 signals from Ex1 to IntP5 are higher in untreated FRDA when compared with the untreated healthy cells, respectively.^P , 0.05, Wilcoxon-matched pairs test. Both H3K9me3 and H3K27me3 heterochromatic marks are reduced upon nicotinamide treatment. ChIP data are presented as mean + SEM, n ¼ 3 healthy; n ¼ 3 FRDA. The qPCR was performed in duplicate. Statistical analysis was performed by comparing combined signals from Ex1 to IntP5 in FRDA treated with the untreated control.
# P , 0.05, Wilcoxon-matched pairs test. (B) Nicotinamide was given to FRDA transgenic mice for 6 days before cerebellum was taken for ChIP experiment. The results are presented as mean + SEM, n ¼ 3. Statistical analysis was performed by comparing combined signals from Ex1 to IntP5 in nicotinamide treated samples with the untreated control.
# P , 0.05, Wilcoxon-matched pairs test. (C) Mapping of the possible changes of histone acetylation upon nicotinamide treatment in FRDA, ChIP was performed with antibodies against histones H3 and H4 acetylation marks. The values are presented as mean + SEM, n ¼ 2 healthy; n ¼ 2 FRDA. The qPCR was performed in duplicate. Statistical analysis was performed by comparing combined signals from Ex1 to IntP5 in nicotinamide treated with the untreated control. # P , 0.05, Wilcoxon-matched pairs test. (D) Relative increase of DNase I accessibility by nicotinamide treatment in primary cultured lymphocytes. The increase of DNase I accessibility produced by nicotinamide treatment was calculated by subtracting the signal following nicotinamide treatment from the signal obtained without treatment. n ¼ 2 healthy; n ¼ 2 FRDA. The qPCR was performed in triplicate.
* P , 0.05 (Student's t-test). (E) 3C-qPCR analysis of the interaction frequency after nicotinamide treatment on fragment number 2 (refer to the fragment labeling in Fig. 1 ) in patient derived primary lymphocytes. The result is presented as mean + SEM, n ¼ 2. The qPCR was performed in triplicate.
* P , 0.05 (Student's t-test).
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showing a 1.5-fold FXN up-regulation (4). This is similar to the result shown here after nicotinamide treatment of lymphoblastoid cell lines, where we show 1.5-to 1.8-fold up-regulation (Supplementary Material, Fig. S2) ; our results reveal that lymphoblastoid cell lines are much less sensitive to HDAC inhibition than ex vivo or in vivo responses (Fig. 3) . Nevertheless, even 1.5-fold up-regulation could be of therapeutic benefit, while excessive expression might be toxic. Nicotinamide seems likely to have some advantages over the other HDACi treatments as we have shown here that it could reduce H3K9me3 and H3K27me3 concomitantly and result in FXN reactivation via apparent 'de-condensation' of the heterochromatic structure. One of the possible mechanisms of action of nicotinamide is by inhibiting SIRT1 (24) , which has been shown to promote heterochromatin formation by histone deacetylation, H1b recruitment and promoting the loss of transcriptionally active marks (e.g. H3K79me2) (26) . More recently, Reinberg et al. demonstrated that SIRT1 is also responsible for activating SUV39H1 by deacetylating it, resulting in H3K9 trimethylation deposition (27) . Thus, inhibition of SIRT1 would be expected to result in H3K9 demethylation and histone acetylation both of which we found in this study upon nicotinamide treatment. showing the percentage of genes normalizing to at least 50% (≥50% normalization) and ,49% (≤49% normalization) of asymptomatic controls, respectively. Analysis was done on primary lymphocytes derived from patients after nicotinamide treatment (n ¼ 2).
In this report, we show that nicotinamide can reduce pathological heterochromatin at the FXN gene and reactivate it in a mouse model in vivo and in primary cells from patients. This reveals a potential novel treatment for FRDA, a currently incurable and frequently devastating disease, but of course much work remains to be done on the safety and tolerability of this drug in patients before pursuing clinical studies for efficacy.
MATERIALS AND METHODS

Cell culture
EBV-transformed lymphoblastoid cells GM14926, GM14664, GM15850, GM15851, GM16234, GM16798 were purchased from the National Institute of General Medical Sciences Human Genetic Cell Repository at the Coriell Institute, Camden, NJ, USA. Lymphoblastoid cell lines were grown in RPMI 1640 (PAA) medium with 2 mM L-glutamine and 10% fetal calf serum (PAA) and supplemented with 1× penicillin/streptomycin solution (GIBCO) at 378C in 5% CO 2 . Primary lymphocytes from healthy individuals and FRDA patients were isolated from the blood samples using a FicollHypaque TM gradient (Sigma) following the manufacturer's protocol. Human blood samples were obtained from FRDA patients and healthy individuals in accordance with UK Human Tissue Authority ethical guidelines. Primary lymphocytes were cultured under the same conditions as for the EBVtransformed lymphoblastoid cell lines.
Transgenic mouse model
Mouse forebrain, cerebellum, heart and spinal cord were collected from previously described FXN YAC (YG8) transgenic mouse model (52) .
Chromosome conformation capture (3C)
The 3C protocol was adapted from Hagege et al. (28) Nuclei were resuspended in 0.5 ml EcoRI restriction buffer (NEB) with 0.3% SDS and incubated for 1 h at 378C with agitation. Triton X-100 was added to 2% (v/v) and incubated for 1 h at 378C with agitation. Cross-linked nuclei were digested overnight at 378C with 400 U EcoRI. Addition of SDS to 1.6% to stop restriction and further incubated at 658C for 20 min with agitation. The reaction was diluted with 7 ml ligation buffer with Triton-X-100 and incubated for 1 h at 378C prior addition of 100 U of T4 DNA ligase (Fermentas) for 4 h at 168C and then 30 min at RT. Reverse cross-linking was done by adding 600 mg Proteinase K and incubated at 658C overnight. After RNase A digestion, DNA was purified by phenol/chloroform extraction. The DNA pellet was resuspended in 150 ml 10 mM Tris-Cl (pH 7.5). Real-time PCR was performed in triplicate using custom dual-labeled fluorogenic probe (Sigma). The relative cross-linking frequency of the targeting restriction fragment was calculated by normalizing to FXN random template control (prepared according to 3C technique (53) with BAC clone carrying FXN gene locus) and endogenous control, ACTA2. Sequences of the 3C qPCR primers are listed in Supplementary Material, Table S1 .
3C high-throughput sequencing experiment 3C-seq templates were generated as for 3C using EcoRI. After ligation and purification, the restriction fragments ligated to the anchor region (containing FXN exon 1) were amplified by an inverse PCR as described (54) . Therefore, the anchor region was defined as fragment number 0 in the figure. One microgram of template was amplified per reaction by using a Phusion High-Fidelity PCR kit (Finnzymes; Cat.# F-553S) and primers incorporated with different indexes. Primer Figure 6 . Higher-order chromatin structure induces distal DNA interaction and reduces DNase I accessibility in FRDA. The chromatin organization of an active FXN gene is shown on the left with nucleosomes mainly composed of acetylated histone molecules. In FRDA, hyperexpanded GAA repeats nucleate heterochromatin formation and thereby push the pathway towards the right side with nucleosomes dominated by various types of methylations. In the higher-order heterochromatic structure, nucleosomes are compartmentalized into a condensed space. This might promote genomic regions, which are normally located far away from each other in the gene activation stage, bridging with their partner (yellow star: distal interaction). Once the condensed structure is stabilized by heterochromatin protein 1, accessibility of transcriptional machinery will be prohibited as indicated by the decrease of DNase I accessibility at the bottom of the model. (55) . Signal from fragment number 1 (the first fragment downstream of exon 1) was removed as the background noise signal was too high.
DNase I accessibility assay 5 × 10 7 cells were harvested and washed with 5 ml ice cold PBS and resuspended in 5 ml cold RSB buffer (10 mM TrisHCl, pH 7.5, 10 mM NaCl, 3 mM MgCl 2 ). Ice cold RSB-NP40 buffer (RSB with 0.5% (v/v) Nonidet P-40) was added to lyse the cell membrane and the reaction was stopped by addition of 2.2 volume of RSB buffer. Nuclei pellet was resuspended in fresh RSB at 1 × 10 8 nuclei/ml density. DNase I at concentration of 0.01 U/ml was used for a 250 ml digestion reaction. 50 ml of digestion sample was collected per 1, 5, 10 and 20 min (as the time points) intervals and mixed with 50 ml 2× DNase I stop buffer [2 mM Tris -HCl, pH 8.0, 600 mM NaCl, 10 mM EDTA, 1% (w/v) SDS]. 150 ml of lysis buffer [100 mM Tris -HCl, pH 8.5, 5 mM EDTA, 200 mM NaCl, 0.2% (w/v) SDS, 1.5 mg/ml protease K] was then added and incubated at 558C overnight. DNA was purified by phenol/chloroform extraction. Quantification of percentage copy remaining by qPCR was performed as described previously (30) with normalization to neurofilament gene (NfM) (56) as the endogenous control. A real-time qPCR was carried out in the same way as described in the following ChIP section. qPCR primer sequences are provided in the Supplementary Material, Table S1 . In Figure 4C , the increase of DNase I accessibility produced by nicotinamide treatment was calculated by subtracting the signal following nicotinamide treatment from the signal obtained without treatment.
Nicotinamide treatment
10 mM nicotinamide (Fluka:Sigma) was used to treat 1.8 × 10 7 EBV-transformed lymphoblastoid cells in 36 ml culture medium for 16 h. Primary lymphocytes at a cell density of 1 × 10 7 cells/ml were treated with 10 mM nicotinamide for 3 days. Culture medium with or without (untreated as control) nicotinamide was changed every 24 h incubation. For nicotinamide treatment of the transgenic mice, 750 mg/kg of nicotinamide (dissolved in physiological saline) was given to mice by intraperitoneal injection once per day for 6 days. Untreated control was done by injecting the mice with physiological saline.
RNA extraction and qRT-PCR
Total RNA was isolated from 1 × 10 6 cultured cells using Trizol (Invitrogen) and reverse transcribed using the ThermoScript TM RT -PCR system (Invitrogen) by following the manufacturer's instructions. We performed a qRT -PCR using the SYBR w Green JumpStart 
Chromatin immunoprecipitation (ChIP)
We performed chromatin immunoprecipitation as previously described with minor modification to our experimental models (31) . Cells were cross-linked for 15 min with 1% formaldehyde at RT, quenched with glycine and followed by sonication (Bioruptor, Diagenode). The average DNA fragment length after sonication was between 200 and 400 bp. Immunoprecipitation was done by using commercially available antibodies: histone H3 (Abcam) Cat.#Ab1791, H3K9 trimethylation (Millipore) Cat.#17-625, H3K27 trimethylation (Abcam) Cat.#Ab6002, H3 acetylation (acetyl K9 + K14 + K18 + K23 + K27) (Abcam) Cat.#Ab47915 and H4 acetylation (acetyl K5 + K8 + K12 + K16) (Millipore) Cat.#06-866. The amount of FXN DNA immunoprecipitated was determined using an SYBR w Green JumpStart 
RNA high-throughput sequencing experiment
A standard Trizol (Invitrogen) protocol was used for total RNA extraction. The RNA quality was checked by Bioanalyzer RNA 6000 Nano (Agilent). RNA with a score .8 was used for preparing RNA-seq library using a TruSeq RNA Sample Prep v2 kit (Illumina). For the RNA sequencing analysis, raw reads were aligned to the human genome (hg19) using a Tophat aligner (57) . Differential expression analysis was performed with DESeq Bioconductor package (58) . GO ontology and Reactome pathway analysis was done on the genes found to be differentially expressed to test for enrichment of GO terms and pathways in the Reactome pathway database. Bioconductor package GOseq was used for this enrichment analysis. The package corrects for length bias present in RNASeq data (40) . Raw P-values were adjusted for multiple testing using the Benjamini-Hochberg procedure. All GO categories over-represented with adjusted P-value of ,0.05 were obtained. The sequencing data have been submitted to Gene Expression Omnibus data repository with the accession number: GSE42960 (59) . The trend towards normalization of the biomarkers was calculated using the difference in gene expression levels between healthy and FRDA previously determined by Coppola et al. (32) . Thus, we compared this difference in biomarker expression with the fold change in gene expression obtained from our primary lymphocyte cultures before and after nicotinamide treatment (denoted as Nico versus UT log2 fold change in Supplementary Material, Fig. S3 ). 
